When a wetting liquid fills in microchannels embedded inside a thin elastomeric layer, the surface of the layer does not remain smooth but bulges out in the vicinity of the channels. The height of the bulge depends on the deformability of the layer and the surface tension of liquid; in addition, it depends also on the vertical location of the channel from the surface of the layer and the channel diameter. While, for liquids of low viscosity ∼500 cP bulging occurs instantaneously, for liquids of high viscosity ∼4000 cP, it occurs over a period of time. Concomitant to bulging of the layer, the cross section of the channel alters too in its shape and size suggesting that the elastic energy penalty associated with the bulging of the layer is supplied by the interfacial energy of the liquid-air and liquid-solid interfaces. Local bulging of the layer alters also its local deformability which is demonstrated by contact mechanics experiments: indentation with a spherical indenter yields a non-circular contact area, the shape and size of which vary with the depth of indentation. Thus, sub-surface microchannels can be suitably used for generating surface patterns on the elastomer and also for modulating its modulus.
Introduction
Nano to micro-scale patterning of the surface of a soft elastomeric layer is important for variety of practical and technological applications, e.g., for creating superhydrophobic surfaces [1, 2] ; generating structural colour [3] ; biological [4] and chemical sensors [5] ; scaffolds for tissue engineering [6] ; micro-electromechanical systems [7] ; patterned adhesives [8] ; and so on. Many of these applications demand not just patterning of the material surface but hierarchical patterning and in many cases it is not just physical texturing of the material but spatial modulation of one or more physical properties [9] also becomes important. These applications demand novel fabrication methods which can generate patterns with controlled geometric lengthscales yet economical to implement over a large area. Beyond traditional lithographic routes, several bottom-up approaches have been devised which have several advantages [10] [11] [12] [13] [14] [15] [16] : they do not require any mask or any sophisticated and expensive equipment, are not limited by the optical wavelength of light used for developing the photoresist, involve fewer steps and do not require expensive and often toxic chemicals to be handled. Here we present a novel technique in which surface undulations can be created by embedding microchannels in the bulk of an elastic film and filling in these channels with a liquid that wets its surface. Such a liquid forms concave meniscus inside the channel so that pressure in the liquid remains sub-atmospheric. We show that this pressure alters the stress field in the elastic wall around the channel which finally results in buckling of the thin skin above the channel. The liquid pressure alters also the shape of the channel and its cross-sectional area. In fact, the wetted curved surface of the channel increases, releasing interfacial energy which can increase the elastic energy of the layer. The buckling phenomenon leads also to modulation of the shear modulus of the layer which does not remain isotropic but varies along different directions. As a result, when a hemi-spherical indenter is brought in contact with this film the contact area does not remain circular but depending on the orientation of the channel, a near-elliptic contact area appears whose major axis lies along the length of the channel. For films with very thin skin, contact area with sharp corners appears, the height to width ratio (h c /w c ) of which decreases with increase in the contact load. In fact, h c /w c ratio varies differently during loading and unloading signifying different stress profiles in the film in the vicinity of the channel. This simple method can be useful for generating complex patterns in a controlled manner.
Experimental
We made thin elastomeric films of crosslinked poly(dimethylsiloxane) (Sylgard 184 elastomer, a Dow Corning product) (PDMS) of shear modulus μ = 1.0 MPa and thickness ranging from h = 110-2000 µm. The film remains strongly bonded to the rigid substrate. Microchannels of circular cross sections of diameter d = 50-900 µm are embedded at different vertical distances or skin thicknesses t = 10-100 µm from the surface of the film [17] , as shown in Fig. 1 . Channels of circular cross section are prepared by using nylon filaments and steel rods of circular cross sections as templates which are placed in a pool of the pre-polymer liquid mixed with the crosslinker (10:1 by weight). The vertical location of the channels is fixed by using spacers of known heights. The pre-polymer liquid is then crosslinked between two uniformly separated parallel plates: one of the plates is plasma oxidized in order create surface active groups while the other one is coated with a self-assembled monolayer (SAM) of octadecyltrichlorosilane molecules. As a result, after curing the pre-polymer liquid at 80 • C for about an hour, the top plate is easily withdrawn while the elastomeric film remains strongly bonded to the bottom plate [18, 19] . The material of construction of the templates is such that it does not adhere to the PDMS so that it can be easily withdrawn from the crosslinked film on application of a gentle pull [17] . Straight microchannels, which span through the whole width L of the films are thus generated as monolithic structures inside PDMS elastomeric films.
Surface Deformations
These channels are filled with liquids which wet the surface of the channel wall completely, e.g., silicone oils of different viscosities η = 100-1000 cP, surface tension γ = 20 mN/m. These liquids fill in the channels by capillary action, therefore no pump is required for this purpose. Figure 2(a) shows the top view of the partially filled channel. The molecular weights of these oils are such that they do not diffuse into the crosslinked network within the time duration of most of our experiments. This was confirmed by placing a block of PDMS in a pool of the oil which did not swell the PDMS even after a very long time. Interestingly, as the liquid fills in the channel, the thin skin covering it spontaneously bulges out forming surface undulations, with maximum height of the undulation δ occurring at the location of least thickness t of the skin. While for lower viscosity of oil, η ∼ 100-400 cP the equilibrium deformation is reached within ∼5-10 min, for the ones with higher viscosity, η ∼ 400-4000 cP the film deforms over a longer period of time ∼4-5 hours. While this deformation can be felt by sliding a finger over the surface of the film and can be characterized qualitatively by optical profilometry, its cross-sectional image is obtained by cutting a slice of the film using a sharp razor blade and viewing it under an optical microscope. Analysis of the channel cross section by this process requires that after filling it with oil, the channel be permanently set at its deformed form; however, the silicone oil without any functionalized groups in its molecular structure is not amenable to crosslinking. Therefore, in order to examine the deformation of the channel, it is filled with Sylgard 170 elastomer (a Dow Corning product) mixed with the curing agent followed by curing it at ∼100 • C. Since, viscosity of Sylgard 170 pre-polymer liquid is ∼4000 cP, sufficient time is given for the equilibrium deformation to be reached before crosslinking the liquid. In Fig. 2 (b)-(d) we present typical cross-sectional views of the films which show an empty channel and its deformed form after it is filled with the oil. Notice that here the elastic film remains bonded to the rigid plate, so that it can deform only on its free surface. However, if we use channel embedded free film, which remains supported only at its edges, bulging occurs on its both surfaces, albeit to different degrees depending on the thickness of the skin.
Optical profilometry of the surface of these films shows that δ increases with diameter d of the channel but decreases with skin thickness t of the film. By carrying out experiments with a large number of films with different channel diameters d = 50-900 µm and skin thickness t = 10-80 µm, it has earlier been shown that δ scales [18] 
. In the absence of any external mechanical field, the bulging possibly occurs because of surface effects, to be specific, because of the wetting of the PDMS surface with oil. Since, the PDMS surface is oleophilic, it leads to negative Laplace pressure at the meniscus, i.e., at the interface of the oil in the channel and atmosphere; as a result, the pressure in oil p 0 decreases below the atmospheric pressure p 1 by p = p 1 − p 0 = 4γ l /d. The deformability of the matrix, i.e., the channel wall, however, brings in complications. For example, the liquid inside the channel is subjected to two opposing forces: the force at the open ends given as (p 1 − p 0 )πd 2 /4 which should squeeze in more liquid inside the channel and the force along the length of the channel: (p 1 − p 0 )πdL which tends to squeeze out the liquid; here L is the length of the channel. Since in experiments, L d, it is the latter force that should dominate leading to squeezing out of the liquid, but such an effect would be accompanied also by the bending of the channel wall requiring large elastic energy penalty. In fact, the channel indeed gets compressed, but only very slightly in the portion where wall thickness is infinitely large; however, it bulges out close to the thin skin above the channel. Figure 3 shows the optical micrograph of the cross section of a PDMS film in which a channel of diameter d = 710 µm is embedded to the maximum depth so that the skin thickness is maintained at t = 50 µm. The channel is filled with Sylgard 170 pre-polymer liquid mixed with crosslinker and is allowed to cure. While the dotted circle represents the trace of the undeformed channel, the black portion represents the deformed cross section of the channel. The figure clearly shows that the channel gets compressed along a-b and c-d; it bulges out along d-a; no significant deformation is observed along b-c. This observation suggests that the differential pressure p 1 − p 0 acts differently in different portions of the channel wall. For example, in the thin skin covering the channel, the pressure varies gradually from p 0 at the wall of the channel to p 1 at the PDMS-air interface. Hence, there is a distribution of pressure which may be assumed to be linear, so that, the average pressure at the skin covering the channel (p 0 + p 1 )/2 is less than the atmospheric pressure. Thus, the skin acts like a thin plate being subjected to a compressive axial stress of (p 1 − p 0 )/2 which results in its buckling.
Buckling of thin plates and rods follows a set of functional forms known as elliptic curves generated by solving the following generic equation and the corresponding boundary conditions [20] :
where s defines the contour length of the centreline of the plate and θ(s) defines angle of the tangent to the centreline; parameter a is the ratio of the axial load per unit width of the plate and its bending rigidity, θ 0 and dθ 0 ds are, respectively, the tangent to the centreline and rate of change of tangent with the contour length. While equation (1) accounts only for small bending of a thin plate, more involved analysis for large bending deformation of a finitely thick elastic block has been derived. However, for the sake of simplicity, we examine if the surface profile of the deformed film matches with that of an elastica in the light of equation (1) . In  Fig. 4 , the traces of the surface profiles for films of thickness h = 60, 120, 300 and 500 µm all with embedded channels of diameter d = 50 µm are used to fit to equation (1) . For all these cases the channels remain maximally buried within the film so that the skin thickness of the film covering the channel increases from t = 10 to 450 µm for the above set of films. Curve 1 shows that when the skin thickness is small, e.g., t = 10 µm, it bulges out to form a narrow peak which is not captured well by equation (1) . However, for films of larger skin thickness, e.g., t = 70, 250 and 450 µm, the deformation profiles are represented reasonably well by equation (1) as shown by curves 2-4 implying that the surface deformation of films may indeed occur via buckling of the skin. While equation (1) approximates the buckling phenomenon rather well, it does not incorporate the effect of thickness of the thin skin which in the present problem does not remain uniform but varies spatially. This variation becomes more prominent for thinner skins, and as a result equation (1) fails to capture the corresponding optical profiles.
Deformation of Microchannel
Equation (1) is not adequate for another reason: close examination of the channel cross section suggests that it not only deforms from being circular but its perimeter also changes, contrary to what is expected of pure buckling for which the contour length of the plate or, in this case, the thin skin should remain unaltered. The perimeter can increase or decrease depending on the skin thickness and the diameter of the channel. Concomitant to alteration of the perimeter, the cross-sectional area of the channel changes too which implies that some quantity of liquid is either squeezed in or out because of wetting of the channel. The plot in Fig. 3 shows the percentage change in area % A = ( A/A 0 ) × 100 for films with microchannels of diameter d = 550 µm and skin thickness t = 15-80 µm, and d = 700 µm and t = 20-50 µm. % A increases with increase in skin thickness until an intermediate thickness is reached, beyond which it decreases. The plot further shows that % Avalues for different channel diameters follow similar trend implying that extent of area expansion is possibly determined solely by the thickness of the skin above the channel. One consequence of increase in channel area is that it increases also the perimeter of the channel. For example, percentage increase of the perimeter of the channel can be deduced as, % l ∼ % A/3 which when wetted by the liquid results in excess interfacial energy (γ s + γ l − γ sl ) l per unit length of the channel. Here γ s = γ l = 22 mJ/m 2 is the surface energy of PDMS surface and silicone oil respectively and γ sl = 0 mJ/m 2 is the interfacial energy of the wetted interface; l represents extension in perimeter of the microchannel. Since, the perimeter multiplied by the length of the channel yields its internal surface area, l represents also the increase in curved surface area of the channel per unit length. This excess energy can contribute to the elastic energy associated with the bulging deformation of the channel wall. Thus finite positive values of % A suggest that bulging deformation of the thin skin occurs not only due to the Laplace pressure at the meniscus of the liquid inside the channel but also due to conversion of surface energy to the elastic energy of the channel wall.
Contact Mechanics Experiment
Besides causing surface deformation, the liquid filled sub-surface microchannels alter also the effective local modulus of the elastic film in the vicinity of the channels. While it is expected that the presence of the buried microchannel should decrease the local modulus of the film enhancing its deformability, the bulging induced by the liquid inside the channel can further amplify it. The alteration in local deformability can be probed by contact mechanics experiments as presented in Fig. 5 . Here the elastic film remains strongly bonded to the rigid substrate and a soft hemispherical indenter made of PDMS of radius of curvature R = 1.442 mm is pressed against it in displacement controlled mode. When the indenter is loaded against the smooth portion of the film, devoid of any subsurface microstructure, a circular contact area appears the diameter of which increases with the depth of indentation. However, when indented at the location of the sub-surface microchannels filled with liquid, a non-circular contact area appears, the geometric shape and size of which vary with the skin thickness above the channel and the depth of indentation. Figure 6 shows the optical micrographs of the contact area in experiments in which Figure 5 . Schematic of the experiment in which an indenter is brought in contact with the film in a displacement controlled mode using a nano-positioner. The corresponding load is measured using a weighing balance interfaced with a computer and the contact area is visualized with a microscope fitted with a digital camera. the hemispherical lens is symmetrically aligned with sub-surface channels of diameter d = 50 µm buried to different skin thicknesses t = 50-100 µm while the depth of indentation δ is varied from 6 to 100 µm. The series of optical micrographs show that the presence of the microchannel alters the local mechanics as a result of which non-circular contact area with narrow corners appears. For smaller indentation depths, the effect of the channel becomes more pronounced than that of the smooth portion of the film: as a result, the height of the contact is significantly larger than its width. With increase in the indentation depth, the fraction of contact with the smoother portion of the film increases and as a result the h c /w c ratio decreases. In Fig. 7 , we plot h c /w c as a function of δ i /d for films in which the skin thickness varies: t = 5-25 µm. A large value of h c /w c ratio shows that the film is more deformable along the axial direction of the channels than perpendicular to it. We can rationalize this observation by considering the JKR (Johnson, Kendall and Roberts) theory [21] of adhesion which suggests that for contact of a hemi- spherical indenter with a semi-infinite elastic half-space, at zero contact load, the radius of the contact area varies with effective elastic modulus E of the adhering bodies as a = E −1/3 . Hence for two different effective elastic moduli, the ratio of contact area is a 1 /a 2 = (E 2 /E 1 ) 1/3 . Drawing analogy to this problem, the effective shear modulus of the film in the vicinity of the channel can be obtained in terms of the ratio h c /w c : E h = E w (w c /h c ) 3 , where E h is the effective shear modulus of the layer in the vicinity of the channel for contact along the direction of the axis of the channel and E w is the same in a direction perpendicular to it. Using representative numbers, e.g., (h c /w c ) ∼ 4.5 for skin thickness t = 5 µm, E h is estimated to be E w /1000. The ratio h c /w c decreases asymptotically to 1 with increase in thickness of the skin, and thus, the ratio E h /E w increases with increase in the skin thickness. A more exact theoretical analysis will be required to predict correctly the effective elastic modulus of the film in the vicinity of the channels.
Summary
We have presented here an example of wetting induced deformation of a soft elastomeric substrate in which surface energy gets converted to elastic energy. In particular, we have shown that the soft, thin wall of a microchannel, embedded inside a soft, flat and elastic layer, e.g., PDMS bulges out when the channel is filled with a liquid, e.g., silicone oil which wets its surface. But the same does not happen when a non-wetting liquid like water is used, as it does not fill in the channel spontaneously. In the context of wetting liquid, the bulging occurs by the interplay of Laplace pressure at the meniscus of the liquid and the excess interfacial energy due to wetting; coupling of these two effects leads to buckling of the thin skin in the vicinity of the channel with concomitant change in the shape of the channel cross section and the channel area. These effects become more pronounced for films with thinner skin; however, beyond an optimum thickness these effects diminish, implying that the deformation is maximally pronounced for film with intermediate skin thickness. The local deformation of the film results also in spatial modulation of the shear modulus and consequent deformability of the layer. It appears that the local deformability increases at the location of the liquid filled channels as observed in contact experiments in which indentation using a spherical contactor does not produce a circular area of contact at the interface but an elongated one with narrow corners oriented along the length of the channel. The contact area becomes more and more circular with increase in depth of indentation implying more pronounced effect of the flat portion of the layer. This phenomenon may be important for patterning of soft surfaces, chemo-mechanical signal transduction and so on.
